Behavioral studies in rats and mice indicate that laterodorsal tegmental nucleus (LDTg) inputs to the ventral tegmental area (VTA) importantly contribute to reward function. Further evidence from anesthetized rat and mouse preparations suggests that these LTDg inputs may exert this effect by regulating mesolimbic dopamine (DA) signaling. Direct evidence supporting this possibility remains lacking however. To address this lack, rat LDTg neurons were transfected with adeno-associated viral vectors encoding channelrhodopsin2 and eYFP (ChR2) or eYFP alone (eYFP) and rats were subsequently trained to lever press for intracranial self-stimulation (ICSS) of the inputs of these neurons to the VTA. First, we found that DA overflow in the forebrain nucleus accumbens (NAcc) increased maximally during ICSS to approximately 240% of baseline levels in ChR2, but not in eYFP, rats. Based on these findings, we next tested the contribution of NAcc D1 and D2 DA receptors to the reinforcing effects of optogenetic excitation of LDTg inputs to the VTA. Microinjecting SCH23390 or raclopride, D1 and D2 DA receptor antagonists respectively, into the NAcc significantly reduced operant responding for this stimulation. Together these results demonstrate for the first time that optogenetic ICSS of LDTg inputs to the VTA increases DA overflow in the NAcc and requires activation of D1 and D2 DA receptors in this site.
Introduction
Dopamine (DA) neuron activity and forebrain DA levels are correlated with reinforcement, reward prediction and can signal saliency and aversion [1] [2] [3] [4] [5] . The ventral tegmental area (VTA) receives afferents from several brain areas [6, 7] , some of which can regulate the firing activity of VTA DA neurons [8, 9] . Different afferents may convey select types of information to the VTA that are important for different aspects of motivated behavior. The laterodorsal tegmental nucleus (LDTg; also referred to as LDT by others) provides one source of afferent input to the ventral tegmental area [6, 7, 10, 11] and specifically to DA neurons in this site [6] . Recent studies show that optogenetic excitation of LDTg inputs to the VTA is rewarding in rats [12, 13] and in mice [14, 15] .
In rats, approximately 50% of LDTg inputs to the VTA form asymmetric excitatory synapses that preferentially give rise to mesoaccumbens projections terminating in the nucleus accumbens (NAcc) core and medial shell [16] . Electrical stimulation of the LDTg in anesthetized rats has been shown to increase DA efflux in the NAcc core [17] but the effects of operant responding for optogenetic excitation of LDTg inputs to the VTA on DA overflow in this site remain unknown. The core subregion of the NAcc contributes importantly to the expression of motivated behaviors (e.g., [18, 19] ). Thus, the reinforcing effects of optogenetic intracranial self-stimulation (ICSS) of LDTg inputs to the VTA in rats could involve DA signaling in this site. To address this possibility, we used 1) microdialysis to measure NAcc DA overflow before, during, and after optogenetic ICSS of LDTg inputs to the VTA, and 2) microinjections of D1 (SCH 23390) or D2 (Raclopride) DA receptor antagonists into the NAcc core or shell prior to ICSS.
tained from the University of North Carolina vector core facility. Rats were bilaterally infused with AAV into the LDTg to express either channelrhodopsin-2 fused to eYFP (AAV-CaMKIIα-ChR2(H134R)-eYFP; n = 25, referred to as ChR2 rats) or only eYFP (AAV-CamKIIα-eYFP; n = 8, referred to as eYFP rats). Both vectors were under the control of the CamKIIα promotor. In all cases AAV infusions were made using a 10 μl syringe controlled by an automated infusion pump (UMP 3; World Precision Instruments) attached to one of the stereotaxic manipulator arms. The injector needle was lowered into each LDTg from the front along an angled trajectory of 30°from the vertical. Three injections (200 nl per injection; 100nl/min) per hemisphere were made at the following coordinates relative to Bregma according to the rat brain atlas of Paxinos & Watson [20] : (1) A-P −8.7, M-L ± 1.13, D-V −7.0, (2) A-P −8.5, M-L ± 1.13, D-V −6.8, (3) A-P −8.3, M-L ± 1.13, D-V −6.4. The needle tip was lowered to the most caudal site for the first injection, retracted to the second site for the second injection, and retracted to the third site for the third injection. Following each infusion, the injector was left in place for five minutes to allow for diffusion of virus particles from the needle tip. Following removal of the syringe needle, all rats were bilaterally implanted with 200 μm optical fibers, threaded through 2.5 mm stainless steel ferrules, aimed at the dorsal border of the VTA (AP −6.0, ML ± 0.5, DV −8.0 from bregma and angled laterally at 10°from the vertical). For the microdialysis experiment eighteen rats (10 ChR2 and 8 eYFP) were also unilaterally implanted with guide cannulae (CMA11; Harvard Apparatus) aimed at the nucleus accumbens core (AP +2.0, ML ± 1.2, DV −7.6 from bregma and angled laterally at 10°from the vertical). For the DA receptor antagonist experiments, six of the remaining ChR2 rats were also bilaterally implanted with guide cannulae (22 ga, Plastics One Inc.) aimed at the NAcc core (AP +1.7, ML ± 1.6, DV −7.3 from bregma and angled laterally at 10°from the vertical), while the remaining 9 ChR2 rats were also bilaterally implanted with guide cannulae aimed at the NAcc shell to provide additional data for this NAcc subnucleus (see Table 1 ). The shell cannulae were inserted from the opposite hemisphere through the midline, and angled laterally at 20°from vertical [21] . In order to avoid collision of the bilateral cannulae into the shell, two different sets of coordinates were used: (1) AP +1.7, ML ± 1.0, DV −7.6 from bregma, and (2) AP +1.2, ML ± 1.8, DV −7.8 from bregma. These were counterbalanced between the left and right hemispheres across rats. Angled NAcc shell cannulae placements were used to minimize any contribution of drug solutions diffusing dorsally up the cannulae tracks [22] into the NAcc core. All implants were secured to the rat skull using a combination of stainless steel screws and dental cement. Immediately after surgery and again at 24 h and 48 h after surgery, each rat received a 5 ml s.c. injection of sterile saline containing Ketoprofen (5 mg/kg) and Baytril (enrofloxacin, 10 mg/kg).
VTA intracranial self-stimulation (ICSS) training

Apparatus
Operant conditioning chambers (25 × 27 × 30 cm; MedAssociates Inc.) were equipped with two retractable levers located on one wall of the chamber, a green house light, and a white cue light located above and between the two retractable levers, respectively. Optical tethers consisted of a diode-pumped solid state laser (473 nm, 150 mW; OEM Laser Systems or OptoEngine LLC) coupled to a 62.5 μm core, 0.22 NA standard multimode hard cladding optical fiber (Thor Labs) that passed through a single-channel optical rotary joint (Doric Lenses) prior to being split 50:50 with a fused optical coupler (Precision Fiber Products). Light intensity was set to 15-18 mW per split fiber.
ICSS training
Training started eight weeks after surgery. Rats were connected to optical tethers immediately prior to each behavioral testing session. All rats underwent between 12 and 15 daily 30-min sessions during which pressing of one retractable lever (the reinforced lever) resulted in 30 10 ms pulses of 473 nM light delivered at 20 Hz and illumination of the cue light for 3 s. No priming stimulation was given at any time and presses on the reinforced lever made within 3 s of the previous lever press were recorded but did not result in laser activation. Presses on the alternate retractable lever (the non-reinforced lever) were recorded but had no programmed consequence. Stimulation parameters chosen for ICSS training (i.e. pulse durations and pulse frequencies) were previously shown to be optimal, resulting in reliable and consistent leverpressing rates [12] .
In vivo microdialysis
Procedure
A few hours after the final ICSS training session, rats were slightly anesthetized with isoflurane and concentric microdialysis probes (CMA11, 2 mm active membrane length protruding from the tip of the guide cannula; Harvard Apparatus) were lowered into the NAcc for microdialysis testing the following day. After probe insertion, rats were housed individually in 5 gal plastic buckets and kept in the same room as the ICSS testing apparatus overnight with food and water freely available. Rats were connected via a steel-spring tether to a liquid swivel and collection vial positioned outside the bucket. Probes were perfused with artificial cerebrospinal fluid at 0.3 μl/min overnight. The following morning the perfusion rate was increased to 1.5 μl/min and rats remained in the plastic bucket for an additional two hours after which each rat was transferred to the same operant chamber in which it previously received ICSS training. Both levers remained retracted and the house light and cue light remained off for the first thirty minutes. During this period three microdialysis samples were collected. A 30 min ICSS testing session subsequently ensued and an additional three microdialysis samples were collected. Finally rats remained in the operant chambers with the levers retracted and the house light turned off for one hour following the ICSS session and six additional microdialysis samples were collected. All samples were collected at 10 min intervals. Microdialysis probes were then removed and rats were returned to their home cages. All samples were immediately frozen on dry ice and stored at −80°C for later assessment of DA levels.
Chromatography
HPLC-EC was conducted using a dual-piston Shimadzu LC-10AD pump set to 1.1 ml/min, a 10 cm ODS-C18 3 mm column (maintained at 35°C), an ESA Model 5100 Coulochem detector with a conditioning cell (oxidizing at +300 mV) placed prior to a Model 5011 high sensitivity analytical cell (electrodes set to +50 mV and −350 mV), and a Note: Of the original 33 rats prepared, 6 ChR2 and 2 eYFP rats were dropped either because eYFP was detected outside the LDTg (6) or because cannula placements were found outside the NAcc (2). 0.04 M sodium acetate mobile phase containing 0.3 mM Na 2 EDTA, 0.5 mM octyl sodium sulfate, 1% methanol, and 2.0% acetonitrile (pH 3.76). 15 μl dialysate samples were introduced into the mobile phase via a Rheodyne injection valve. Extracellular concentrations of DA were estimated from peak areas using Shimadzu CLASS-VP (Shimadzu Scientific Instruments, Columbia, MD) software.
2.5. NAcc microinjection of SCH23390 or raclopride 2.5.1. Drugs SCH23390 and raclopride were purchased from Sigma-Aldrich (St. Louis, MO) and were dissolved in sterile saline and bilaterally injected at a volume of 0.3 μl.
Procedure
Following completion of ICSS training, each rat in this experiment received a total of 4 additional testing sessions during which the effects of the D1 DA receptor antagonist SCH 23390 (0 and 0.6 μg/0.3 μl) and the D2 DA receptor antagonist Raclopride (0 and 1 μg/0.3 μl) were tested. All rats were tested under each of the four conditions in a manner that counterbalanced antagonist and dose. Rats received an injection-free ICSS training day between the second and third tests. The doses of SCH 23390 and raclopride were chosen based on previous studies showing no significant effects on open-field locomotion at doses comparable to those used in the present experiments [23] [24] [25] . Rats administered the antagonists into the NAcc core and shell were tested identically.
For the antagonist microinjections, rats were gently restrained and bilateral injection cannulae (28 ga, Plastics One Inc.) were lowered to a depth 2 mm below the chronically implanted guide cannulae. Injection cannulae were connected to 2 μl Hamilton syringes via PE20 tubing. Injections were made using an automated infusion pump (Chemyx) at a rate of 0.2 μl/min. Injection cannulae were left in place for an additional 1 min before they were removed and the obturators were replaced. Rats were then connected to optic tethers and ICSS testing begun.
Histology
After completion of behavioral testing (approximately 10-11 weeks after AAV infusion) each rat was deeply anesthetized with chloral hydrate (300 mg/kg, i.p.) and was transcardially perfused with 0.1 M phosphate buffer (PB) followed by 4% (W/V) paraformaldehyde in 0.1 M PB, pH 7.3. The brains were removed and left in 4% paraformaldehyde for 2 h at 4°C and then transferred to an 18% sucrose solution in PB overnight. Coronal cryosections (40 μm) throughout the extent of the LDTg and VTA were prepared for each rat. Free-floating LDTg sections were processed for double fluorescence immunohistochemistry to detect choline acetyl transferase (ChAT; 1:100 goat anti-ChAT primary antibody; AB144P, EMD Millipore) and GFP/ YFP (1:1500 mouse anti-GFP/YFP primary antibody; A11120, Life Technologies) in the same tissue. Tissues were subsequently incubated with donkey anti-goat secondary antibody conjugated to AlexaFluor594 (1:500; A11058, Life Technologies) and rabbit anti-mouse secondary antibody conjugated to AlexaFluor488 (1:500; A21204, Life Technologies). Sections were mounted onto gelatin-coated slides and coverslipped with Fluormount (Electron Microscopy Sciences) and viewed using confocal fluorescence microscopy.
The boundaries of eYFP expression relative to the boundaries of the LDTg observed in the rostral, medial, and caudal portions of the LDTg were summarized on three LDTg sections for each rat (Bregma − 8.52; − 8.76, − 9.00, respectively). Some sections containing the VTA were not used for fluorescence immunohistochemistry but rather mounted onto gelatin-coated slides, stained with cresyl violet, and coverslipped with Permount (Electron Microscopy Sciences). These sections were used to determine optic probe locations using a standard light microscope.
Coronal cryosections (40 μm) throughout the extent of the NAcc were mounted onto gelatin-coated slides, stained with cresyl violet, and coverslipped with Permount. These sections were used to determine injection cannulae and microdialysis probe locations using a standard light microscope.
Statistical analyses
Final statistical analysis was based on 12 rats in the microdialysis experiment (n = 6 ChR2 and 6 eYFP), 6 ChR2 rats in the NAcc core microinjection experiment and 7 ChR2 rats in the NAcc shell microinjection experiment (see Table 1 ). Six ChR2 and 2 eYFP were not included, either because eYFP expression was detected outside the bounds of the LDTg or because cannulae placements were outside the NAcc. Otherwise, optic fiber tips were determined to be either within or immediately dorsal to the VTA (Fig. 2B) , microdialysis probe placements were within the NAcc (Fig. 3C and D) , and injection cannulae tip placements were within the NAcc core (Fig. 4E) or shell (Fig. 5E) .
Lever pressing data were analyzed using either between-within or A. ChR2 (n = 19; blue lines), but not eYFP (n = 6; red lines), rats acquired intracranial self-stimulation to excite LDTg inputs to the VTA. ChR2 rats pressed the reinforced lever (filled circles) significantly more than the non-reinforced lever (open circles) in each of the 2nd through 12th training sessions (*** p < 0.001). eYFP rats pressed either lever at very low numbers. Each press on the reinforced lever resulted in a 1.5 s train of 10 ms light pulses at 20 Hz. B. Bilateral VTA placements of optic fiber tips in ChR2 (n = 19; blue circles) and eYFP (n = 6; red circles) rats. These rats were subsequently used in the NAcc microdialysis and DA receptor antagonist studies.
fully within repeated-measures ANOVA. Degrees of freedom were adjusted with the Greenhouse-Geisser method when the sphericity assumption was violated. Significant effects were further analyzed using Tukey's HSD post-hoc test. The latencies to the first reinforced lever press in the various pharmacological treatment conditions were analyzed using within-subjects t-tests. Maximal% baseline increases in NAcc DA overflow during ICCS in ChR2 and eYFP rats were compared using a between-subjects t-test, while the time course of NAcc DA overflow was analyzed using a between-within subjects ANOVA followed by post-hoc comparisons with Tukey's HSD test.
Results
Detection of eYFP in LDTg cells and their inputs to the VTA
We used ChAT immunofluorescence to outline the anatomical boundaries of the LDTg (Fig. 1B) . Following LDTg transfection with CAMKII-ChR2-eYFP (Fig. 1A) we observed eYFP immunofluorescence within the boundaries of the LDTg (Fig. 1B') . Some eYFP expression was also observed immediately outside the boundaries of the LDTg (Fig. 1B' , E, F, G) but eYFP-labeled cell bodies were not observed in the adjacent PPTg. In the PPTg, however, eYFP-expressing processes were observed, some in the vicinity of ChAT-labeled cells (Fig. 1D, D', D") . Within the LDTg, eYFP expression was observed in both cholinergic and noncholinergic LDTg cells (Figs. 1C, C, C") . In VTA sections eYFP immunofluorescence was used to evaluate VTA innervation by transfected LDTg cells. Within the VTA, we detected fibers expressing eYFP in the proximity of optic probes (Fig. 1H, I , I', I").
Optogenetic excitation of LDTg inputs to the VTA reinforces leverpressing in rats
All ChR2 rats tested learned to lever press for VTA light stimulation, pressing the reinforced lever significantly more than the non-reinforced lever starting on the second training day. eYFP rats pressed either lever at equally low numbers throughout the training period ( Fig. 2A) . ANOVA revealed a significant main effect of GROUP [ 
Operant responding for optogenetic excitation of LDTg inputs to the VTA increases NAcc DA overflow
The day after completion of training, 6 ChR2 and 6 eYFP rats were tested for NAcc DA overflow before, during, and after optogenetic VTA ICSS of LDTg inputs. While baseline levels of DA did not differ between the two groups, lever pressing for optogenetic excitation of LDTg inputs . Samples were collected every ten minutes and are expressed as a percentage of baseline levels. In ChR2 rats (blue line), NAcc DA overflow increased during the ICSS session, when rats were lever-pressing to excite LDTg inputs to the VTA (C), and returned to baseline levels over the course of the hour following termination of the ICSS session. In eYFP rats (red lines), which did not lever-press during the ICSS session (C), NAcc DA overflow fluctuated around baseline levels throughout the sampling period (* p < 0.05, ** p < 0.01; comparing ChR2 to eYFP rats for a time bin). B. Maximal NAcc DA overflow increased during optogenetic VTA excitation of LDTg inputs to approximately 240% of baseline levels in ChR2 rats (n = 6; blue bar). In eYFP rats (n = 6; red bar) maximal NAcc DA overflow did not increase significantly above baseline levels during the ICSS period (** p < 0.01). C. During the NAcc microdialysis session, as during the ICSS training period ( Fig. 2A) , ChR2 rats (n = 6; blue bars) pressed the reinforced lever (RF) significantly more than the non-reinforced lever (nRF) and significantly more than eYFP rats pressed the reinforced lever (** p < 0.01). eYFP rats (n = 6; red bars) pressed either lever at very low levels. The total numbers of presses on the reinforced lever in ChR2 rats was slightly lower during the microdialysis testing session than on the final training day but the difference was not statistically significant (t 5 = 1.26, p > 0.1). D. NAcc dialysis probe placements in ChR2 (n = 6; blue lines) and eYFP rats (n = 6; red lines). E. Representative cresyl-violet stained section showing a probe placement within the NAcc. All error bars show ± SEM.
to the VTA resulted in significant increases in NAcc DA overflow relative to baseline in ChR2, but not in eYFP, rats. After the 30 min VTA ICSS session and retraction of the levers, NAcc DA overflow declined back to baseline levels over the subsequent hour (Fig. 3A) . ANOVA revealed a significant main effect of GROUP [F 1,10 = 9.12, p < 0.05] and a significant GROUP x TIME interaction [F 1,110 = 2.99, p < 0.01]. Tukey post-hoc comparisons showed that NAcc DA overflow was significantly elevated in ChR2 compared to eYFP rats throughout the ICSS session (30-60 min; p's < 0.05-0.01) and in the first time bin following termination of the ICSS session (70 min; p < 0.01). While DA overflow in ChR2 rats showed fluctuations during ICSS, the levels of overflow observed did not differ significantly from one another during this period. In eYFP control rats, that did not lever press during the ICSS session (Fig. 3C) , NAcc DA overflow fluctuated around baseline levels throughout the experiment (Fig. 3A) . The average maximal increase in NAcc DA overflow during the ICSS session in ChR2 rats (approximately 240% of baseline levels) was significantly greater than in eYFP rats (Fig. 3B [t 10 = 3 .23, p < 0.01]). Maximal overflow for each rat was taken as the highest DA peak achieved during the ICSS period. Notably, the significant increase in maximal NAcc DA overflow during ICSS in ChR2 relative to eYFP rats (Fig. 3B ) paralleled the significant difference between these two groups in presses on the reinforced lever ( Fig. 3C ; GROUP x LEVER interaction [F 1,10 = 47.48, p < 0.001]; Tukey posthoc comparisons showed that ChR2 rats pressed the reinforced lever significantly more than eYFP rats [p < 0.01]).
Operant responding for optogenetic excitation of LDTg inputs to the VTA is dependent on activation of NAcc core and shell D1 and D2 DA receptors
Given that VTA ICSS of LDTg inputs increased NAcc core DA overflow we next tested the contributions of D1 or D2 DA receptors in this site to the reinforcing effects of VTA ICSS of LDTg inputs. Relative to saline, infusions of either SCH23390 or raclopride into the NAcc core significantly reduced the total number of reinforced lever presses for optogenetic VTA ICSS of LDTg inputs in ChR2 rats (Fig. 4A and B) . Presses on the non-reinforced lever were not affected. In each case, the ANOVA revealed a significant ANTAGONIST X LEVER interaction [F 1,5 = 9.43 for SCH23390 and 9.83 for raclopride, p's < 0.05] and Tukey post-hoc comparisons confirmed significant reductions in reinforced lever pressing following either receptor antagonist (p's < 0.05). Time course analyses revealed a gradual manifestation of these effects with significant reductions in reinforced lever pressing appearing 11 and 6 min following infusion into the NAcc core of SCH23390 and raclopride, respectively (Fig. 4C and D) . The ANOVA found significant ANTAGONIST X TIME interactions in each case [F 29,145 = 4.14 for SCH23390 and 4.33 for raclopride, p's < 0.001] with Tukey post-hoc comparisons showing significant reductions (p's < 0.05-0.01) from 11 (SCH23390) and 6 min (Raclopride) through the remainder of the ICSS test session. Latencies to the first reinforced lever press were not significantly affected by either receptor antagonist.
LDTg inputs to the VTA also synapse on DA neurons that project to the NAcc medial shell [16] . As a recent report indicated a role for D1 and D2 DA receptors in the lateral shell of the NAcc in the acquisition of Pavlovian conditioned place preference for optogenetic excitation of LDTg inputs to the VTA in mice [15] , we repeated the above experiment in the medial NAcc shell to further assess the contribution of DA receptors in this NAcc subnucleus. Practically identical effects were observed following microinjection of either SCH23390 or raclopride into the NAcc shell. In each case the total numbers of reinforced, but not non-reinforced, lever presses for optogenetic VTA ICSS of LDTg inputs were significantly reduced ( Fig. 5A and Fig. 5B ). The ANOVA showed significant ANTAGONIST x LEVER interactions [F 1,6 = 30.58 for SCH23390 and 10.86 for raclopride, p's < 0.05], and the time course analyses showed significant reductions (p's < 0.05-0.01) in reinforced lever pressing beginning 9 and 10 min following NAcc shell SCH23390 (Fig. 5C) or raclopride (Fig. 5D) infusions, respectively. The ANOVA showed significant ANTAGONIST X TIME interactions (F 29,174 = 17.09 for SCH23390 and 10.74 for raclopride, p < 0.001). Again, latencies to the first reinforced lever press were not significantly affected by either receptor antagonist.
Discussion
The present findings show that optogenetic ICSS of LDTg inputs to the VTA in rats increases NAcc DA overflow and requires the stimulation of D1 and D2 DA receptors by this DA in this site. This confirms previous findings that experimenter-administered electrical stimulation of LDTg cell bodies increases NAcc DA efflux in anesthetized rats [17] and importantly extends them to show that its stimulation of NAcc forebrain DA receptors is necessary for VTA ICSS of LDTg inputs. Thus, the reinforcing effects of optogenetic excitation of LDTg inputs to the VTA in rats involve activation of mesolimbic DA projections to the NAcc and depend on both D1 and D2 DA receptor activation in this site.
The boundaries of the LDTg are traditionally defined by the distribution of cholinergic neurons [26, 27] . Accordingly, we used ChATlabeling to identify these boundaries. The viral construct used in the current studies is not selective for neuronal phenotypes and we consequently observed, within the areas outlined by ChAT-labeling, eYFPlabeled cells and eYFP/ChAT double-labeled cells. Thus, as previously demonstrated [12] , we transfected LDTg cholinergic as well as noncholinergic LDTg neurons and the transfected non-cholinergic neurons are likely to be either glutamatergic or GABAergic [28] . While cholinergic neurons are by definition confined to the LDTg, glutamatergic [28, 29] and GABAergic neurons [28] are found within the LDTg and in surrounding areas as well. In our studies, some eYFP expression was observed immediately outside the boundaries of the LDTg. The current angled virus injection approach aimed to avoid diffusion of virus into the ventricles immediately dorsal to the LDTg and to achieve uniform expression throughout the rostro-caudal extent of the LDTg. However, because the LDTg varies in both its dorso-ventral and medial-lateral extent at different rostro-caudal levels, restricting equal volumes of injected virus solution within LDTg boundaries at different rostrocaudal levels is difficult. Importantly, no eYFP expression was observed in surrounding areas that are known to send projections to the VTA and that participate in reward function, specifically the dorsal raphe [30] and the pedunculopontine tegmental nucleus [13, 31] . VTA light stimulation, self-administered by rats during ICSS testing, is thus expected to have resulted in excitation of LDTg cholinergic, glutamatergic, and GABAergic inputs to the VTA. We show that the net effect of optogenetically driving LDTg inputs to the VTA during ICSS resulted in an increase in NAcc core DA overflow. For these reasons, excitation of VTA DA neurons by optogenetic excitation of LDTg inputs is likely mediated by cholinergic and glutamatergic receptor mechanisms in the VTA, as has been previously shown for the increases in NAcc core DA release induced by electrical stimulation of LDTg cell bodies in anesthetized rats [17] . In mice, selective VTA optogenetic excitation of either LDTgglutamatergic or LDTg-cholinergic inputs to the VTA each result in rewarding effects in an operant place preference paradigm [14] . Similarly in rats, selective VTA optogenetic excitation of LDTg-cholinergic inputs during confinement to one chamber of a conditioned place preference apparatus, results in acquisition of Pavlovian conditioned place preference [13] . Future studies in which ChR2 is selectively targeted to LDTg-cholinergic or glutamatergic cell populations in the rat will clarify their contributions to exciting mesolimbic DA signaling in the ICSS paradigm. However, while ChAT:Cre rats are available in this regard (see for example [13, 32, 33] ), these studies will have to await the availability of VGluT2:Cre rats.
Consistent with a report that the LDTg provides some input to the substantia nigra pars compacta (SNc; 13), we observed some eYFP expression lateral to the VTA in parts of the SNc. Infusions of cholinergic agonists into the SNc increase striatal DA efflux in anesthetized rats [34] and selective optogenetic excitation of SNc DA cells reinforces operant responding in mice [35] . However, targeted optogenetic excitation of LDTg terminals in SNc does not support the acquisition of Pavlovian conditioned place preference in rats [13] . Thus it seems unlikely that concurrent excitation of LDTg inputs to the SNc significantly contributed to the observed reinforcing effects of VTA stimulation in the current studies.
Blockade of either D1 or D2 DA receptors in the core and shell of the NAcc reduced the total amount of lever-pressing for optogenetic excitation of LDTg inputs to the VTA, a finding consistent with the effects of D1 and D2 DA receptor antagonists on stimulant-induced behavioral activation [36, 37] and their targeting of D1 and D2 dopamine receptor expressing spiny projection neurons in the NAcc [38] [39] [40] . The pattern of operant responding observed following pre-treatment with SCH23390 or raclopride, D1 and D2 dopamine receptor antagonists respectively, was similar. In either case, rats initiated responding with normal latencies when testing sessions began and the response levers became available. Rats lever-pressed in each case at rates comparable to those observed under conditions of saline pre-treatment for the first 6-11 min of the session followed by significant reductions in reinforced lever pressing rates. Similar patterns of responding were previously observed following systemic pre-treatment with the broad-spectrum DA receptor antagonist flupenthixol [12] and, are reminiscent of the extinction-like effects of systemic DA receptor blockade on responding for rewarding electrical brain stimulation in rats [41] . As the antagonists were given locally in the current studies, leading to fast receptor blockade, the pattern of responding suggests that rats reduced leverpressing rates only after they experienced VTA optical stimulation under conditions of DA receptor blockade (i.e. after the first 6-11 min of the session, depending on the antagonist used). Importantly, infusions into the NAcc of SCH23390 or raclopride at doses similar to or higher than those used here do not affect locomotor activity [23] [24] [25] , free food consumption, or lever pressing under a fixed ratio-1 schedule [42] . Thus, the present results taken together indicate that DA released into the NAcc core contributes critically to the reinforcing effects of optogenetic ICSS of LDTg inputs to the VTA by acting at D1 and D2 DA receptors in this site. This is consistent with previous findings in anesthetized rats showing that electrical stimulation of LDTg cell bodies increases DA efflux in the NAcc core as measured by in vivo chronoamperometry [17] .
Our results add to a number of previous reports that support an important role of mesopontine inputs (LDTg or PPTg) to the VTA in reward [12] [13] [14] [15] 31, 33] but also point to some inconsistencies. Of most relevance here is a previous study in mouse which used an elegant combination of anatomical and electrophysiological techniques to show that LDTg inputs activate predominantly (though not exclusively; present results) DA neurons in the lateral VTA that project to the lateral portions of the NAcc shell [15] . Selective unilateral optogenetic activation of these VTA-projecting LDTg cell bodies, during confinement to one chamber of a conditioned place preference apparatus, resulted in acquisition of Pavlovian conditioned place preference. Furthermore, combined SCH 23390/raclopride pre-treatment in the lateral portion of the NAcc shell, administered ipsilaterally to optical VTA stimulation, prevented the acquisition of Pavlovian conditioned place preference. Our results contrast with these findings as we show that (1) driving LDTg inputs to the VTA increases DA overflow in the NAcc core, and (2) activation of D1 and D2 DA receptors in this site is necessary for the reinforcing effects of optogenetic ICSS of LDTg inputs to the VTA. Because of the findings of Lammel et al. [15] in the lateral NAcc shell, we also assessed the effect of D1 and D2 DA receptor blockade in the medial NAcc shell and found these receptors to be critical as well. Thus, DA receptor activation in both core and medial shell NAcc subnuclei appears critical for the reinforcing effects of optogenetic ICSS of LDTg inputs to the VTA. Although, effects on DA overflow in the NAcc medial shell subregion remain to be assessed. Possible differences between the circuitry under investigation in the rat and mouse brain are worth considering here. In rats, LDTg injections of an anterograde tracer [16] or fluorescent viral opsin transfection of LDTg cholinergic neurons [33] each result in uniform labeling of axons throughout the VTA. Consistent with this we found uniform eYFP expression throughout the VTA following viral transfection of LDTg neurons. Fluorogold injections into the NAcc that impinge on both core and medial shell regions result in retrograde labeling of VTA projection neurons many of which receive excitatory LDTg inputs [16] . The boundaries between the lateral and medial NAcc shell have not been clearly defined. In the rat brain, the lateral shell appears to lie between Bregma AP + 0.84 and + 2.16 [20] . It is worth noting that our histological analysis revealed dialysis probe and injection cannulae placements that were for the most part rostral to Bregma + 2.16. The extent to which the LDTg projects to VTA DA neurons that give rise to NAcc lateral shell projections in the rat brain has not been systematically investigated. However, electrophysiological evidence in rats indicates that excitation of LDTg-cholinergic terminals in the VTA excites VTA DA cells that have been retrogradely labeled by tracer injections into the lateral shell of the NAcc [33] and this subnucleus clearly contributes to the expression of motivated behaviors [43, 44] . Our results do not rule out a contribution of dopaminergic projections to this site in the reinforcing effects elicited by excitation of LDTg inputs to the VTA. We neither sampled DA overflow nor tested the effects of D1/D2 DA receptor antagonists in the lateral shell of the NAcc. Our findings are, however, consistent with existing anatomical findings in rats showing that DA receptor blockade in either NAcc core or medial shell effectively reduces the reinforcing effects mediated by LDTg inputs to the VTA. Our findings are also consistent with a previous report in anesthetized mice showing increases in NAcc core DA efflux induced by electrical stimulation of LDTg cell bodies [45] .
The non-contingent optogenetic excitation used in conditioned place preference studies and the contingent optogenetic self-stimulation used in the current studies also differ in obvious ways. There is general consensus that conditioned place preference reflects seeking of/preference for the stimulus properties of an environment which have acquired incentive value through classical conditioning [46, 47] . Self-administration on the other hand, where the probability of a behavior increases as a result of the experimental contingency, is generally thought to measure reinforcement. Many commonalties exist between findings obtained using the two paradigms. Most drugs of abuse that are self-administered by rats also lead to the acquisition of conditioned place preference (for a comprehensive review see [47] ). However, the neural mechanisms that underlie drug self-administration and the acquisition of conditioned place preference do not appear to be identical. For example, NAcc (core or shell) D2 DA receptor blockade prior to daily cocaine conditioning sessions does not disrupt the acquisition of conditioned place preference [48] , while NAcc core D2 DA receptor blockade reduces cocaine reinforcement in an intravenous self-administration paradigm [21] . Whether different neural pathways and mechanisms are recruited by experimental paradigms in which optogenetic excitation of brain circuits is (e.g. ICSS) or is not contingent (e.g. conditioned place preference) on responding has not been systematically investigated.
In conclusion, the present data are consistent with previous studies showing that the LDTg regulates mesolimbic DA signaling in anesthetized animal preparations [9, 17, 33, 45] and that exciting LDTg inputs to the VTA is reinforcing and rewarding [12] [13] [14] [15] . Our results demonstrate that projections from the VTA to the NAcc core and medial shell each critically contribute, via their action on D1 and on D2 DA receptors, to the reinforcing effects of increasing excitatory LDTg drive to the VTA.
